Abstract Severe stone deterioration is evident at the Cologne cathedral. In particular, the ''Drachenfels'' trachyte, which was the building material of the medieval construction period, shows significant structural deterioration as well as massive formation of gypsum crusts. The present article investigates crust formation on limestone, sandstone, and volcanic rock from the Cologne cathedral as well as from the Xanten and Altenberg cathedrals. These three buildings, showing varying degrees of deterioration, are located in different areas and exposed to varying industrial, urban, and rural pollution. Thin laminar and black framboidal crusts form on calcareous as well as silicate stone. The lack of a significant intrinsic calcium and sulfur source for the formation of the gypsum crusts on the Drachenfels trachyte indicates major extrinsic environmental impact: a sufficient offer of SO x from pollutant fluxes as well as external calcium sources (e.g., pollution, mortars, neighboring calcite stones). Chemical analyses reveal strong gypsum enrichment within the crusts as well as higher concentrations of lead and other pollutants (arsenic, antimony, bismuth, tin, etc.), which generally can be linked to traffic and industry. The formation of weathering crusts in an industrial environment is clearly distinguishable from that in rural areas. Scanning electron microscopy observations confirm that the total amount of pollution is less at the Altenberg cathedral than at the Cologne and Xanten cathedrals. XRF analyses show that the formation of gypsum occurs in lower amounts at Altenberg. This correlates well with the measured SO 2 content and the intensity of the decay at the different locations. Furthermore, the different types of crusts, e.g., framboidal and laminar, can be differentiated and assigned to the different locations. The black weathering crusts on the silicate Drachenfels trachyte contribute to the degradation of the historic building material. They enhance mechanical moisture-related deterioration processes and the decay by chemical corrosion of rock-forming minerals. Although SO 2 concentrations in air have shown a strong decrease over the past 30 years, degradation in connection with weathering crusts is still observed. This indicates that not only contemporary or recent emissions, but also past pollutant concentrations have to be considered.
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Introduction
The effect of air pollution on stone decay has been a subject in the field of stone deterioration for a long time (Kaiser 1910; Grün 1931; Kieslinger 1932; Winkler 1970; Luckat , 1984 and listed in Charola and Ware 2002) . It is generally accepted that the main pollution-related deterioration processes are gypsum formation and carbonate dissolution (Sabbioni 2003) . Most debated is the crust weathering of limestone as a result of the transformation of calcium carbonate into calcium sulfate due to the impact of air pollutant concentration in the atmosphere and the deposition of anthropogenic sulfur (Henley 1967; Sabbioni 2003) . Although SO 2 concentrations have decreased over the last decades degradation in connection with weathering crusts is still observed. Acid rain, as a result of the contamination of rain water with sulfur, nitrogen oxides and carbon oxides, affects stone material and corrodes rockforming minerals (Martinez and Martinez 1991) . Pollution has changed into a complex multi pollutant situation with increasing particulate matter, enhancing the acidic impact in terms of dust deposition (Wolff 1986; Charola and Ware 2002; Brimblecombe 2003) . The weathering crusts mainly consist of newly formed minerals, e.g., gypsum, with atmospheric particles embedded within. These can be grouped as porous carbonaceous particles (soot), smooth aluminosilicate particles, and metal particles mainly composed of iron (Del Monte et al. 1981; Esbert et al. 1996; Derbez and Lefèvre 1996) . These atmospheric particles derive from different sources; fuel oil combustion of domestic heating and power plants, coal combustion, and gas oil emission (Sabbioni 1995) . Vehicle exhaust (Rodriguez-Navarro and Sebastian 1996) and biomass combustion (Ausset et al. 1992) were also identified as sources.
Cologne cathedral is one of the most important cultural monuments of northern Europe and faces severe stone deterioration. The different building stones of the cathedral show a large variety of weathering phenomena. The Drachenfels trachyte, which was the building material of the medieval construction period, shows significant structural deterioration as well as massive formation of gypsum crusts. Already Grün (1931) addressed environmental influence as a factor in the deterioration of the building stones of the Cologne cathedral. Knetsch (1952) described the geological and climatic context in respect to the deterioration of the Cologne cathedral. Luckat and Wolff (Luckat , 1974 (Luckat , 1975 (Luckat , 1977 (Luckat , 1984 Wolff and Luckat 1973; Wolff 1986; Mirwald et al. 1988 ) conducted a research program on the influence of air pollutants and especially of flue gas on the deterioration of natural building stones in the 1970s and tested potential preventive conservation treatments. Efes and Lühr (1976) highlighted the influence of environmental pollutants as a significant factor contributing to stone decay. Further studies dealt with the different deterioration processes in several natural building stones of the Cologne cathedral (Kraus 1980 (Kraus , 1985a Kraus and Jasmund 1981; Mirwald et al. 1988 ; Knacke-Loy 1988 , 1989 . Kraus (1985a, b) and von Plehwe-Leisen et al. (2007) describe the negative interferences between the original building stone, Drachenfels trachyte and the Krensheimer Muschelkalk. Stronger flaking and exfoliation are observed on the Drachenfels trachyte ashlars placed next to carbonate stone. Wolff (1992) reported on the negative interferences between the Schlaitdorfer sandstone and Londorfer basalt lava, which mainly deteriorates the sandstone and with it the neo-gothic building structure.
In this article, the formation of black weathering crusts as a function of pollution on different building stones in three different environmental settings is discussed. Crust formation on the Drachenfels trachyte, a volcanic rock, in the Cologne cathedral as well as in the Xanten and Altenberg cathedrals, is investigated and compared to crust formation on limestone. Data are compared to those from other sites, including monuments in Hungary, confirming the weathering gradient of natural building stones from a rural to an urban environment.
The cathedrals in Cologne, Xanten, and Altenberg are three major gothic buildings of the Rhineland region, built during the thirteenth and fourteenth centuries using the same construction materials. Construction started in Cologne in 1248, in Xanten in 1263, and in Altenberg in 1259. The main construction material of the medieval building period was the Drachenfels trachyte from the quarries of the ''Siebengebirge''. Later restoration and reconstruction phases mainly in the nineteenth century employed similar building materials at all three monuments: ''Stenzelberg'' latite, ''Obernkichen'' and ''Schlaitdorf'' sandstone, and ''Krensheimer Muschelkalk'' as well as ''Londorf'' basalt lava. Mortars employed were lime mortars in the medieval period, in the nineteenth century customary cement mortars were in use.
The building stones show severe deterioration phenomena, especially the Drachenfels trachyte (Graue et al. 2011) . Thin laminar and black framboidal crusts, which incorporate particles from the pollution fluxes, cover the building stones. Weathering crusts also form on the silicate stone and contribute to the degradation of the historic building material. On the Drachenfels trachyte, the crust formation is strongly correlated to the disintegration of the stone. Gypsum is not only found within the crusts, but also in deeper zones of disintegrated stone material. The crusts tend to detach, and further structural deterioration follows. Contour scaling, flaking and exfoliation are characteristic decay features on the Drachenfels trachyte, leading to granular disintegration and crumbling. On the Obernkirchener sandstone and on the Stenzelberg latite weathering crusts form in very thin scales, 2-3 mm thick, which tend to detach from the stone. The Schlaitdorfer sandstone shows thick black weathering crusts, which are regularly accompanied by severe contour scaling several centimeters thick, as well as pronounced granular disintegration. On the Krensheimer Muschelkalk, the crusts seem to temporarily stabilize the stone surface (Siegesmund et al. 2007 ). On surfaces exposed to rain, solution phenomena can be observed, e.g., microkarst (Graue et al. 2011) .
Although the impact of biological weathering is not investigated in this study, some general aspects of the influence of microorganisms need to be discussed. In general, the presence of microorganisms-such as algae, lichen and fungi-indicates higher humidity, which may enhance deterioration processes (Wihr 1986 ). Biological deterioration of microorganisms can be divided into biophysical and biochemical deterioration processes (Adamo and Violante 2000; Dornieden and Gorbushina 2000; Pinna and Salvadori 2000; Wierzchos and Ascaso 1998) . The extent of biological weathering is dependent on qualitative and quantitative distribution of microorganisms and their metabolic products. The different natural building stones constitute various substrates and provide different living conditions for the organisms (Knöfel 1979) .
The colonization of microorganisms results in the formation of alteration patinas on stone surfaces, e.g., on marble mainly consisting of calcium oxalate layers (Jones and Wilson 1985) , which are linked to biological weathering (Krumbein 1988; Warscheid et al. 1990 ). Microorganisms produce organic acids, which may function as acids as well as chelating agents (Jones et al. 2000) . This aspect may enhance the feldspar hydrolytic weathering of silicate rock in general.
Another aspect of biological weathering is the colonization with lithotrophic bacteria and fungi. These microorganisms oxidize inorganic substances (Fuchs 2006; Winkler 1975 ) and may directly support the formation of calcium sulfate dihydrate (Zappia et al. 1998) . Out of the lithotrophic bacteria, nitrifying bacteria oxidize nitrous gases (NO x -components) to nitric acid, which again contributes to the deterioration of the stone material (Fuchs 2006) . Sulfoxidant organisms are very often set in connection to crust formation and stone decay (Frediani et al. 1976; Barcellona-Vero and Montesila 1978) . Pohl and Schneider (2005) mention a possible protecting effect of biofilms on carbonate rocks, which in some cases can also be linked to a preservation function on silicate rocks.
These are only a few aspects of biological weathering or the influence of microorganisms. However, the above points clearly indicate contribution of biological colonization to the deterioration of stone monuments and reveal the broadness and complexity of this topic, which needs further discussion.
The present investigation aims to access the problem of stone deterioration due to weathering crusts related to atmospheric pollution. Mineralogical and geochemical methods are combined; optical microscopy, X-ray diffraction (XRD) and fluorescence (XRF), as well as scanning electron microscopy (SEM), coupled with energy-dispersive X-ray spectroscopy (SEM-EDX) and wavelength dispersive microprobe analyses (WDS). Furthermore, laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) and inductively coupled plasma optical emission spectrometry (ICP-OES) as well as ion chromatography analyses with spectroscopy (IC) are used to address the issue. Polycyclic aromatic hydrocarbons (PAH) are determined by microwave accelerated extraction and subsequent gas chromatography with mass spectrometric detection (MAE-GC-MS).
Environmental settings
The three buildings are located in very different environmental settings (Fig. 1 ). Cologne cathedral (53 m above NN) is located in a metropolitan center with one million inhabitants next to the river Rhine. Xanten cathedral (22 m above NN) is the Catholic church of a small city on the Lower Rhine with 18,000 inhabitants and with smaller industrial effects (Arnhem, NL), while Altenberg cathedral (149 m above NN) is situated in a greenfield setting surrounded by forested mountains in the ''Bergisches Land''. Middle Europe belonging to the mid-latitudes has a damp, cool temperate climate. The western German climate shows a maritime influence due to its geographical proximity to the North Sea and the Atlantic, and therefore the Gulf Stream has an impact through the West Wind Drift (Lauer and Bendix 2004) . This geographic position provides mild winters and moderate summers. Temperature, relative humidity, and rainfall at the three locations differ only a little (Table. 1). The mean annual temperature is 11.4°C in Cologne, 10.6°C in Xanten, and 7.1°C in Altenberg. Warmest months are July and August; coldest months are January and December, with temperatures around -10 to ?30°C and relative humidity ranging between 65 and 95 %. The relative humidity shows highest annual values of 90-95 % in winter (November-February) and lowest annual values for April-August from 65 to 75 % (Table 1) . Climate data from Hungary show less maritime but more continental influence.
The buildings are exposed to ubiquitous air pollutants of anthropogenic origin. These are mainly gaseous pollutants like SO 2 and NO x . Concentrations of both of these have decreased over the last decades, causing an increase in precipitation pH (Fig. 2) . The effect of particulate matter in the form of settling dust shows continuously steady values. SO 2 shows highest annual values in the winter months (December-March) and lowest annual values in August.
Data for the SO 2 -fluxes show a strong decrease over the past 30 years, with a comparable impact for Cologne and Xanten and a lower influence in Altenberg. The particulate matter (PM10) has been monitored since 2003/2004 and shows the highest values for Xanten and the lowest for Altenberg. The relatively high values for Xanten in comparison to Cologne may be explained by a certain pollution impact from the bigger city of Arnhem, NL, from which pollution fluxes are transported with west winds. Also Altenberg is subject to west winds and therefore, to a certain impact by the pollution fluxes of the industrial area of Cologne, Leverkusen, and Düsseldorf. In general, the comparably low values for Altenberg reflect a low impact region of an arborous rural area. The Cologne cathedral is located in the city center next to the main railway station, which has served as an active traffic interchange since the industrial era. Within the city of Cologne there are four power plants, and 15 km south west of Cologne is a larger coal-fired power plant.
Analytical techniques
To understand the context of building stone diversity and the different deterioration features, a sample field at Cologne cathedral was mapped analogous to the system developed by Fitzner et al. (1995) . Samples from crusts and dust as well as unweathered and weathered rock samples were collected from the Cologne, Xanten, and Altenberg cathedrals from the different building stones (Drachenfels trachyte, Obernkirchner sandstone, Krensheimer Muschelkalk).
Sample preparation and sample analyses were performed on the different sample types using overlapping techniques in mineralogical and geochemical analyses whenever possible. Thin sections perpendicular to the exposed surface of the rock were prepared and textural analysis of thin sections was performed by polarizing microscopy. The chemical data presented focus on C, Na, Mg, Si, S, K, Ca, Al, Ti, Mn, Fe, Zn, As, Sb, Pb, Bi contents of the host rocks and crusts.
The chemical composition was obtained by XRF spectroscopy. Major element oxides and the trace elements Ba, Cr, Ga, Nb, Ni, Rb, Sr, V, Y, Zn, and Zr were analyzed by XRF on 105°C-dried samples, prepared as fused disks of lithium tetraborate-metaborate (FLUXANA FX-X65, sample-to-flux ratio 1:6). A PANalytical Axios Advanced wavelength-dispersive spectrometer and matrix correction programs were used to calculate concentrations. H 2 O ? and CO 2 were determined using a Vario EL III (Elementar Analysensysteme GmbH, Hanau/Germany). An ELTRA CS 2000 (ELTRA GmbH Neuss) is used for measuring sulfur.
The mineralogical composition of the samples (black crusts and dust) was determined by XRD. Powder X-ray patterns were obtained using a PANalytical Empyrean powder diffractometer with Cu Ka radiation, automatic divergent and antiscatter slits and a PIXcel 3D detector. The diffraction data were recorded from 5°to 85°2h via a continuous scan with a step-size of 0.013 and a scan time of 60 s per step. The generator settings were 40 kV and 40 mA. The Rietveld algorithm BGMN was used for quantitative analysis (Bergmann et al. 1998) . Laser ablation inductively coupled plasma mass spectrometry analyses were performed on thin slices of the samples. The laser used was a Compex 110 Excimer (ArF 193 nm) by Lambda Physic (Goettingen, Germany), a GeoLas optical bench by MikroLas (Goettingen, Germany), a small volume sample chamber, an ablation pit with a diameter of 120 lm, 10 Hz repetition rate for the laser pulses, and about 3 J/cm 2 available energy. The mass spectrometer was a Perkin Elmer DRC II (Siex, Canada). Calibration was done using NBS610 (NIST, USA), internal Standard 43Ca, dwell time 10 ms/isotope, 0.925 s per sweep, and a total of 250 sweeps giving a total measurement time of 3 h and 50 min. Measured isotopes were: Li7, Na23, Mg24, Mg25, Al27, Si29, P31, S34, Cl35, K39, Ca43, Sc45, Ti47, Ti49, V51, Cr53, Mn55, Fe57, Co59, Ni60, Cu63, Cu65, Zn66, Ga71, Ge73, As75, Rb85, Sr88, Y89, Zr90, Nb93, Mo9. To visualize the microfabric of the crust and the host rock and to detect elemental-mineralogical composition of samples, SEM-EDX techniques were applied on thin sections as well as on small fragment samples (LEO GEMINI SEM 1530 and LEO 1455 Gemini as well as AMRAY 1630). EDX-analyses were performed on a Quantra 200F (Fei) with a field emission cathode with an initial voltage of 20 kV (Department of Crystallography, Geoscience Center University of Goettingen, Germany).
Wavelength dispersive microprobe analyses were performed with a JEOL JXA 8900 RL instrument (Department of Geochemistry, Geoscience Center University of Goettingen, Germany). For quantitative measurements, 15 kV acceleration voltage, 15 nA beam current on the Faraday cup, a defocused beam of 3.5 lm, and counting times between 15 s on the peak for Na, Mg, Al, Si, K, Ca, and Fe and 30 s for P, S, Ti, and Ba were chosen. Data processing was done with the CITZAF routine in the JEOL software, which is based on the U (qZ) correction method (Armstrong 1991 (Armstrong , 1995 . The following standards were used for the analysis: Albite for Na, MgO (synthetic) for Mg, anorthite for Al, wollastonite for Si and Ca, sanidine for K, apatite for P, baryte for S, TiO 2 (synthetic) for Ti, rhodonite for Mn, haematite for Fe and celsian for Ba. Detection limits are calculated from the error propagation of the two measurements of the background signals of each X-ray line and are given as a 2-sigma value. The element distribution of Mg, Al, K, Ca, Fe (WDS) and S, Si (EDS) was mapped using an acceleration voltage of 15 kV and beam current of 30 nA. The acquisition time was set to 50 ms per step. The scan grid was spaced at 0.5 lm per step, covering in total 400 9 400 steps. Simultaneous acquisition of the backscatter signal in composition mode was performed. For PAH analysis, the pulverized rock samples (1 g) were weighted into Teflon vessels, internal standards (acenaphthen D 10, phenanthren D 10, pyren D 10, chrysen D 12, perylen D 12, and bBenzo (g, h, i) perylen D 12) and 5 mL isohexane/acetone (3:1 v:v) were added and subsequently extracted on a MARS XPRESS microwave system at 130°C for 20 min. After cooling, the supernatant was removed and transferred into purging vials and after the addition of 500 lL toluene purged in a gentle stream of nitrogen until dry. The remains were redissolved into 500 lL toluene, transferred into autosampler vials and centrifuged at 5,000 rpm for 10 min. They were then immediately analyzed on a GC-MS (Agilent 7890A, 5975E). Separation of the analytes was achieved using a Varian VF5-ms column (30 9 250 9 0.25) and a steady temperature gradient of 6°/min up to a final temperature of 325°C. Data were recorded in single ion monitoring mode (quantifier in parenthesis) with a dwell time of at least 50 ms per amu for the following analytes: acenaphthylen (152) The Drachenfels trachyte and its decay features
The Drachenfels trachyte, used for construction in the Rhineland since Roman times (Berres 1996; Wolff 2004) , was the main construction material for the three investigated buildings. The trachyte has a medium porosity of 11.9-13.4 % and is of light gray color (Graue et al. 2011) . Two different varieties of Drachenfels trachyte can be distinguished macroscopically: a partially pale grayish one and a yellowish reddish porphyritic trachyte (Simper 1990) . The fabric of the trachyte can be divided into three different fabric elements: the very large phenocrysts of sanidine, up to 7 cm in size, are a characteristic feature of the stone. Plagioclase phenocrysts are observed as well. Secondly, a micro-to cryptocrystalline groundmass consists of mainly feldspar laths and quartz. Thirdly, altered volcanic glass fractions as interstitial material between the small feldspar laths of the groundmass form a mesostasis. These interstitial areas of recrystallized glass are much fractured with a high and distinct porosity (Fig. 3a) . The Drachenfels trachyte has a classical porphyry fabric: the large-oriented phenocrysts are embedded in a very fine crystalline fluidal groundmass. The sanidine phenocrysts show a preferred orientation, tracing the flow fabric due to the former flow direction of the magma. The small lathshaped feldspars flow around the large idiomorphic crystals, with the result that several textural domains with preferred orientation of the groundmass feldspar laths exist (Fig. 3b) . The sanidine as well as the plagioclase phenocrysts show significant crack formation, which can be considered as a secondary porosity. This probably traces back to geological relaxation processes during the rise of the magma. The rock mainly consists of sanidine (50 wt. %), plagioclase (24 wt. %) and quartz (13 wt. %). Other components are augite (5 wt. %) and biotite (5 wt. %) and common accessory minerals are ore (2 wt. %) and apatite, zircon and sphene (1 wt. %) (Vieten 1961) . The sanidine phenocrysts often show Carlsbad twins and oscillatory zonation. Biotite is often strongly altered. The micro-to cryptocrystalline groundmass (64 wt. %) consists of feldspar and quartz (Simper 1990 ). The plagioclases are zonal structured and contain about 30 mol % anorthite (Ab 70 An 30 ) (Kraus 1985a, b) . The interstitial volcanic glass fractions are often recrystallized and altered to montmorillonite (Koch 2006) (Fig. 3c ). Vieten (1961) detected 1-5 wt. % montmorillonite in samples from different outcrops at the Drachenfels. In places, calcite occurs in contiguity with Fe-oxides ( Fig. 3d ) indicating alteration processes.
The different building stones of the Cologne cathedral show a large variation of weathering phenomena. In particular, the Drachenfels trachyte shows severe deterioration in the form of cracks, surface deterioration, and backweathering coexisting with flaking, exfoliation, and structural disintegration to crumbling and the massive formation of gypsum crusts ( Fig. 4a) (Graue et al. 2011) . The flaking can occur in a very pronounced fashion (von PlehweLeisen et al. 2007) , which eventually leads to structural disintegration and complete material loss (Fig. 4c ).
Back-weathered areas often display stronger further decay in terms of microcracks, crumbling to total fabric collapse ( Fig. 4d) . Scaling is observable and very often shows a granular disintegrated zone on the reverse side of the scale, whereas the original stone surface generally still exists (Fig. 4b) . Formation of fissures may also propagate many centimeters in depth into the stone. The flow direction of the Drachenfels trachyte, which is indicated by the orientation of the large crystals of sanidine, has a certain impact onto the weathering behavior of the stone. In the Drachenfels trachyte, the deterioration is more intense when the flow fabric is parallel to the visible surface of the building stone, i.e., the preferred orientation of sanidines is surface parallel. Sanidine crystals and the groundmass matrix often show different weathering behavior depending on the mounting direction of the building stone. The large crystals are either weathered-out or are protruding due to the loss of the surrounding matrix. A third variation is the surface parallel weathering of components, matrix and phenocrysts (surface parallel-oriented) show a simultaneous back weathering.
On the Drachenfels trachyte, the formation of thin laminar crusts as well as thick framboidal crusts is observed (Fig. 4a) . Black framboidal crusts tend to bulge out and detach from the stone surface. The stone structure in the background of these crusts is strongly weakened and disintegrates in the form of multiple flaking, exfoliations, and further crumbling. Thin laminar crusts often build up on structurally intact stone surfaces but contour scaling often accompanies this. These surface parallel scales show a thickness of a few millimeters to 1-2 cm with the formation of a brittle disaggregated zone on the back.
Crust classification
The deposition of airborne particulates and the formation of crusts can be observed on surfaces over the entirety of Cologne cathedral. These surface deterioration features appear in different manifestations from patina-like grayish black surface depositions and soiling to thin black laminar crust and thick framboidal-or cauliflower-like black crusts. Especially in context with framboidal crusts surface detachment and loss as well as further disintegration is observed (Fig. 5a ). These cauliflower-like weathering crusts vary extremely in thickness from 2 to 15 and even 30 mm (Török et al. 2011) . Their specific morphology also describes them as dendritic (Török et al. 2011) , globular (Bonazza et al. 2007) , ropey (Antill and Viles 1999) , or framboidal (Török 2003 (Török , 2008 . They display globular or rosette-like formations of gypsum crystals. Calcareous and also quartz particles cover the stone surface and organic as well as inorganic particles from the pollution fluxes are incorporated into the crusts. Framboidal crusts generally build up in sheltered to moderately exposed areas as well as in cavities on vertical stone surfaces. They are often observed at different sites and for different building stones (Amoroso and Fassina 1983; Camuffo 1995; Sabbioni 1995; Bonazza et al. 2004 Bonazza et al. , 2007 .
Thin laminar black crusts trace the stone surface and may cover complete sections of the building's structure not necessarily preferring protected sites (Fig. 5b ). This kind of crust does not change the morphology of the stone surface (Fitzner et al. 1995) and seems to have very strong bonds with the stone surface (Török et al. 2011; Siegesmund et al. 2007) . Scaling is often observed in context with laminar crusts.
Other investigated building stones of Cologne cathedral also show crust formation. On the Schlaitdorfer sandstone massive gypsum crusts build up due to the carbonate cement (app. 14 %) leading to characteristic disintegration in the form of scaling, flaking, and granular disintegration into sand (Lukas 1990 ). The main deterioration phenomenon of Stenzelberg latite is a typical formation of scales with a thickness of 2-3 mm (Graue et al. 2011) . Obernkirchner sandstone has a high weather resistance, but shows black crusts and the formation of gypsum crusts in posterior and sheltered areas. Krensheimer Muschelkalk as a carbonate building stone shows massive gypsum crust formations. This is visible in rain-protected areas, while on surfaces exposed to rain, solution phenomena can be observed, e.g., microkarst. Unlike the Drachenfels trachyte, the limestone shows no structural disintegration with crust formation. At first, it has almost a consolidating or inhibiting function.
In order to describe the variations of the different building stones and the specific deterioration features, a representative survey area has been mapped in accordance with the classification by Fitzner et al. (1995) (Fig. 6) . The building material and the deterioration phenomena-surface deterioration, gypsum crusts, scaling, flaking, cracks and depositions-have been mapped displaying their distribution within the selected wall area. The detailed map illustrated in Fig. 6 shows a section on the northern pillar of the flying buttresses of the choir, indicating that the major deterioration is on the Drachenfels trachyte. If the three cathedrals from the industrial (Cologne), urban (Xanten), and rural (Altenberg) locations are compared, they show clear differences in terms of deterioration gradients and crust formation. While Altenberg cathedral shows only very little stone deterioration, in Xanten and especially in Cologne the decay is significant. At Cologne cathedral, severe damage can be observed entailing static disturbances. At all three cathedrals, scaling and flaking are the main deterioration features, though the observed effect is less at Xanten and Altenberg. As the mapping shows (Fig. 6 ), scaling and flaking are mainly concentrated in the Drachenfels trachyte. At Xanten and Altenberg cathedrals the deterioration is often located in superficial areas of the building stones of Drachenfels trachyte, reaching into the stone material only for several centimeters in depth. Here, it seldom reaches such a significant depth where the structural disintegration comprises crumbling and total fabric collapse, as seen at Cologne cathedral. The same can be ascertained for the intensity of surface soiling and weathering crusts. At Cologne cathedral, weathering crusts on building stones become apparent whether as dark brownish-black surfaces of a mostly already detached stone surface or as framboidal crusts with a disintegrated stone matrix underneath (Fig. 5) . In Xanten weathering, crusts are more to be addressed as thin laminar crusts or soiling on a mostly structurally intact original building stone surface. The current condition of Altenberg cathedral reflects the extensive restoration and repair works carried out since the 1990s. Nevertheless, previous investigations only detected black weathering crusts to a minor degree (IBS 1990 ).
Mineralogy and fabric of black weathering crusts
Microscopic observation reveals high porosity of the framboidal crusts (Fig. 7a ) and very small (10-50 lm) and evenly spread acicular gypsum crystals (Fig. 7b) . Cavities within the crystals cause the high porosity of the crust. The crust contains a significant amount of widely spread organic matter (black opaque particles). The crust formation on the Drachenfels trachyte is characterized by a thin, dense black layer on the surface of the host rock (10-20 lm) mainly consisting of organic material or carbonaceous particles (containing elemental and organic carbon) (Saiz-Jimenez 1993; Turpin and Huntzicker 1995) , which may function as catalyst for the formation of gypsum (Amoroso and Fassina 1983; Rodriguez-Navarro and Sebastian 1996; Ausset et al. 1992) . On this surface layer, a porous framboidal crust builds with finely distributed gypsum crystals and crystal aggregates together with quartz and feldspar particles (\0.1 mm) (Fig. 7d) . The brownish tanning derives from iron-oxides/hydroxides (Do 2000) . Framboidal black crusts on Drachenfels trachyte can be described as a porous mixture of gypsum, organic compounds, iron oxides, quartz, and feldspar particles. A large number of siliceous as well as carbonaceous fly ash particles are commonly embedded in such crusts and high ratios of Fe-rich particles are detected. In the limestone samples, the fly ash particles are firmly incorporated into the gypsum crust, surrounded by gypsum crystals and overgrown with sub-micron size gypsum crystals (Török et al. 2011) . However, although fly ash particles are found embedded in the trachyte structure in the samples of Drachenfels trachyte, their incorporation into the crust is not as strongly wedded to the growth of gypsum crystals as is the case in the crust on limestone. SEM-EDX analyses of the crust surface reveal a high gypsum concentration for framboidal crusts (Fig. 8a-d) , whereas on laminar crusts a composition mainly of silicate and organic components is detected (Fig. 8e-f) . The thin opaque black layer on the surface of the host rock marks the boundary of the stone, on which the crust forms. In some places, this defined line is distorted, which may be attributed to the structural disintegration of the stone material underneath. Surface parallel cracks are often observed in the host rock beneath the crust. These cracks not only run along grain boundaries, but also characteristically cut through larger grains and minerals (Fig. 7d) . This structural degradation of the host rock finally leads to the detachment of the crust including the upper superficial region of the host rock. The width of this detached zone is not limited to the crust but reaches into Fig. 8 Surface detections of black weathering crusts on Drachenfels trachyte: a SEM picture (SE detection) of the outer surface of a framboidal crust; b EDX spectrum of the outer surface of a framboidal crust; c EDX map (calcium) of the outer surface of a framboidal crust; d EDX map (sulfur) of the outer surface of a framboidal crust; e SEM picture (SE detection) of the outer surface of a laminar crust; f EDX spectrum of the outer surface of a laminar crust Environ Earth Sci (2013) 69:1095-1124 1105 the host rock with a thickness of 3-10 mm. The host rock shows further structural disintegration in the form of multiple flaking and exfoliation (Fig. 4) . Laminar crusts are very thin (5-15 lm, where bulging occurs up to 50 lm) and have a dense composition of mainly organic compounds with parts of gypsum, iron oxides, quartz, and feldspar particles (Fig. 7c ). As observed with framboidal crusts, the host rock beneath laminar crusts also shows surface parallel cracking with a lower quantity and latitude of the cracks. In context with laminar crusts, the structural disintegration of the stone is often manifested in the form of scales 0.5-1.5 cm thickness.
Geochemical characterization
The results of the XRF analyses show a significant relative depletion of SiO 2 (2-15 %) and of Al 2 O 3 (2-19 %) in the crust samples in respect to the host rock (Table 2) . Also K 2 O shows an average decrease of 10-22 % and Na 2 O of 0.5-19 %. The mean enrichment of Fe 2 O 3 for the samples from Altenberg is 12 %, for the Xanten samples 16 %, and for the Cologne samples 11 %. The enormous increase of P 2 O 5 concentration is striking, which is three times higher for the Cologne samples. An enrichment of CaO within the crust is clearly noticeable for the samples from Cologne (factor 2.8) and from Xanten (factor 1.7). The average CaO-enrichment in the Altenberg samples is within the measurement accuracy. The increase in SO 3 , respectively, the sulfur concentration, shows a similar tendency: the Cologne samples shows an enrichment of sulfur with factor 139, the Xanten samples with factor 65, and the Altenberg samples with factor 7. The depletion of the oxides associated with silicate phases (SiO 2 , Al 2 O 3 , Na 2 O, K 2 O) correlates with the increase in SO 3 .
In crusts on limestone, where the substrate consists almost entirely of CaCO 3 , a depletion of CaO and an enrichment of SiO 2 as well as aluminum and iron in the crust are detected (Török et al. 2011 ). The contrary is found for crusts on silicate stones: a relative depletion of oxides associated with silicate phases and an enrichment of CaO in the crust along with an enormous increase in sulfur, indicating high gypsum enrichment in the crust. The average sulfur concentrations normalized to the host rock correlate to gypsum contents for Altenberg (0.6 wt. %), Xanten (5.9 wt. %) and Cologne (12.6 wt. %). The sulfur concentration found in crust samples on limestoneinvestigated by Török et al. (2011) -correlates to an average gypsum amount of 22 wt. % in respect to the host rock. Gypsum concentrations in samples from marble and limestone from different sites range from 10.3 (Torfs and van Grieken 1997) to 23.3 wt. % (Fassina 1988) (Table 3) .
The data show a clear discrimination of framboidal and laminar crusts (Table 4) . A stronger depletion for SiO 2 , Al 2 O 3 , and Na 2 O as well as for K 2 O is detectable. The increase of CaO and SO 3 concentrations from laminar to framboidal crusts is significant.
The calculated content of gypsum in the analyzed samples of framboidal crusts from Cologne is about 60 wt. %, and in the samples of framboidal crusts from Xanten about 29 wt. %. However, the samples of laminar crusts show a quite similar low gypsum concentration for the three locations: Altenberg 0.55 wt. %, Xanten 0.04 wt. %, and Cologne 0.88 wt. %. In terms of the mineralogical determination by the Rietveld method, the gypsum concentration of the laminar crust samples are below the detection limit for gypsum by XRD, but the framboidal crust samples clearly indicate gypsum content (Table 5 ; Fig. 9 ).
The enrichment of CO 2 in the samples for Altenberg (factor 5.6), Cologne (factor 4.2) and Xanten (factor 2.5) (Table 2) indicates a certain amount of carbonaceous fly ash particles in the investigated material as well as a partition of organic material, especially for the investigated samples from Altenberg. This again illustrates the importance of settling dust and particles in terms of weathering crust formation.
Microscale chemical investigation
Laser ablation inductively coupled plasma mass spectrometry analyses show clear trends in terms of major and trace element distribution in the black crusts and the host rock. The microscale chemical investigation also reveals little change in oxides associated with the silicate phases. An enrichment of sulfur, lead, antimony, bismuth, and arsenic in black weathering crusts developed on Drachenfels trachyte is detected (Fig. 10) . The crusts of the Cologne cathedral show an average concentration of 1,849 ppm Pb, those of Xanten 1,944 ppm Pb, while the crusts of Altenberg only show 890 ppm Pb-which corresponds to enrichment factors of 105, 110, and 50 in respect to the host rock (Table 6 ; Fig. 10 ). The samples from the three locations are clearly distinguishable. Comparing industrial, urban and rural samples, data show high concentrations of heavy metals (e.g., Pb and Bi), As and Si in black crust samples collected from the industrial and urban sites (Cologne and Xanten). The samples from the rural area (Altenberg) contain significantly lower concentrations of heavy metals (Table 6 ). This clearly indicates a very strong pollution impact for the Cologne and Xanten samples, since the content of these elements is due to an intense impact of combustion emissions (Fig. 11) .
In view of decreasing SO 2 fluxes, the ban on leaded petrol, and emission regulations, the high concentrations of heavy metals as anthropogenic combustion tracers in the samples from Cologne result not only from recent air pollution but show the long history of industrial development at this location. The high lead concentrations in the Xanten samples can be traced back to the strong impact of the industrial area of Arnhem (NL) over a long period of time.
The weathering crusts show high enrichment of the detected elements, whereas within the first 100-300 lm of the surface of the host rock a general decrease is detectable (Fig. 10 ). An accumulation can be observed in cracks and small cavities of the host rock (Fig. 10) . This correlates well with the phenomenon observed by Török et al. (2011) , that in the porous zone below the crust, an increase of Pb is observed, which marks the accumulation of lead not only within the crust but in the pores, too. The enrichment in the cracks demonstrates, that pollutants are not only superficially fixed to the crust, but also penetrate deeper into the stone and accumulate in structurally altered zones.
The plots of the S/Si, Ca/Si, and Pb/Si ratios show a sharp increase in the crust, indicating a high enrichment of Pb and S as well as of Ca in the crust (Fig. 10) . The major atmospheric impact is indicated by the enormous enrichment of heavy metals, which, as anthropogenic combustion tracers, clearly refer to an atmospheric source. This is reaffirmed by the content of siliceous and carbonaceous fly ash particles in the crust. If Pb concentrations are compared on an international scale, similar concentrations are found for Cologne, Xanten, and Halle (Table 7) . Values from these sites as well as from Budapest, Milan, Rome, and Brussels can be related to higher combustion emission impacts for example from domestic heating, power plants, coal combustion, and vehicle exhausts (Sabbioni 2003) .
The PAH fingerprint
Microscopic analyses reveal particulate matter is abundant on the stones' surfaces and in the weathering crusts (Lefèvre and Ausset 2002) . The detection of the PAH compounds reveals the organic fingerprint of the particulates of the settling dust. PAH as compounds indicative of air pollution are detected in selected samples of black weathering crusts, scales, and disaggregated material as well as from dust. PAH mainly arise from the incomplete combustion of fossil fuels, organic matter, or wood. The total concentrations of the PAH compounds varies from 62 (laminar crust from Xanten cathedral) to 13,525 lg/kg OS (dust sample from Cologne cathedral) ( Table 8 ). The high-end values belong to samples from Cologne cathedral and are typical for samples from an industrial area. The PAH concentrations of the samples from Xanten and Altenberg are in a close range (Table 8) . A clear relationship can be drawn between PAH concentration and sample type. If the Cologne samples are compared to each other, samples of dust, framboidal weathering crusts, and strongly deteriorated stone material (scale and disaggregated stone) generally show higher PAH concentrations (1,362-13,525 lg/kg OS); samples of laminar crusts and slightly weathered stone show lower values (247-482 lg/kg OS).
When data from Török et al. (2011) are included, the higher PAH concentrations are in dust samples and from framboidal crusts from Cologne, Budapest, and Halle ( Fig. 12; red ellipse) . This group of samples also shows high SO 4 2-concentrations. A second group of low PAH but higher SO 4 2-concentrations ( Fig. 12 ; black ellipse) contains mainly laminar crusts from rural areas in Hungary as well as from Xanten and Altenberg besides four samples Fig. 9 CaO versus SO 3 content indicates the part of gypsum at the sample. The higher the amount of SO 3 , the higher the gypsum content of the sample. The molar ratio of calcium versus sulfur in gypsum (CaSO 4 ÁH 2 O) is 1:1 (black line). The samples are above this molar ratio (Ca/S or CaO/SO 3 , respectively), suggesting that the total of sulfur in the samples is present as gypsum. The CaO content can be assigned to gypsum as well as to the rockforming minerals (e.g., plagioclases). An enrichment of calcite (CaCO 3 ) cannot be correlated (see also Table 5) from Hungarian host rock. Except for one sample from Xanten (Drachenfels trachyte), these crust and host rock samples derive from limestone. A third group is formed by deterioration samples from Cologne cathedral on Drachenfels trachyte ( Fig. 12; green ellipse) . These samples show certain enrichment in SO 4 2-, but a stronger Fig. 12 ; blue ellipse) contains a host rock sample of the Drachenfels trachyte, and further consists of samples of light weathered stone and of laminar crusts from Cologne, Altenberg and, Naumburg as well as rural areas in Hungary.
Discussion

Crust formation on Drachenfels trachyte in comparison to limestone
As the investigations and mapping show, gypsum crusts not only build on calcareous stones, but also on silicate stones. In comparison to black weathering crusts on limestone, the crusts on the silicate Drachenfels trachyte are lower in gypsum content (223 g/kg on average on limestone, 126 g/kg on average on Drachenfels trachyte; relative to the corresponding host rock). Also framboidal crusts are less frequent than laminar crusts on Drachenfels trachyte than on limestone. This is easily explained by the calcium source for the gypsum. The limestone displays a vast source of calcium ions for the formation of gypsum crusts, as a matter of transformation from CaCO 3 into CaSO 4 . The Drachenfels trachyte, however has an original concentration of 2.43 wt. % CaO, which is mainly contained in silicate minerals and is not easily available for the formation of gypsum.
For crusts on limestone, a significant difference in chemical composition between host rock and crust is reported (Török et al. 2011 ). This is not the case for black weathering crusts on Drachenfels trachyte, where the crusts show a similar chemical composition to the host rock with a depletion of oxides associated with silicate phases and enrichment in Ca and S. The morphology and composition of the crusts' surfaces on limestone and on silicate trachyte differ significantly. Török et al. (2011) found a surface composition of primarily gypsum crystals as well as calcite. They found idiomorphic rosette-like gypsum crystals in samples from industrial environments and slightly 
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Sandstone and calcarenite * (Török et al. 2011; °after Sabbioni 2003) dissolved gypsum crystals commonly associated with calcite in samples from rural places in Hungary and Germany. The crusts on the silicate trachyte showed higher contents of siliceous compounds and organic matter and smaller content of gypsum compared to crusts on limestone. At Cologne cathedral, the crust formation on limestone shows a very dense crust without any transitional zone, whereas the black crusts on the Drachenfels trachyte are a very porous poly-mineral composition with heterogeneous particle size.
Sulfur and calcium sources
The crust samples on Drachenfels trachyte have a higher sulfur as well as higher calcium content in correlation to the fresh stone (enrichment factor for S: 7-139; enrichment factor for Ca: 1-3). The chemical analyses reveal very low calcium (1.74 wt. %) and sulfur (\0.02 wt. %) concentration in the Drachenfels trachyte (Table 2 ). This indicates that for sulfur and calcium, external sources are responsible for the crust formation. Lefèvre et al. (1998) report on gypsum crusts on stained glass windows in areas sheltered from rain. This again underlines the major impact of external calcium and sulfur sources. Sulfur derives from anthropogenic pollution impact and imports via wet and dry deposition. The most important sulfur sources are SO 2 deposition from air and SO 4 2-from rainwater (Neumann et al. 1993 ). Torfs and Van Grieken (1997) mention that gypsum formation is more likely related to SO 2 , which is the airborne sulfur, indicating the major impact of dust and dry deposition. This correlates to the investigation by Furlan and Girardet (1983) , who state that, especially in highly polluted areas, the impact of dry deposition is far more important than wet deposition as a source of building stone decay. Laboratory analyses of sulfate-rich fog water confirmed that 60 h after a main fog event, gypsum crystals were formed (Del Monte and Rossi 1997) . This indicates that the SO 4 2-import from rainwater and fog as well as the dry deposition of SO 2 in the context of corresponding humidity (e.g., fog, condensation) function as sulfur sources for the gypsum formation.
The calcium import comes from aerosol deposition and leaching products from mortars (e.g., joint mortar) (Snethlage and Wendler 1997; Kraus 1980; Hughes et al. 1998 ) as well as from adjacent calcareous stones.
The role of particulate matter in the form of dry and wet deposition and their contribution to the formation of black weathering crusts has already been discussed (Amoroso and Fassina 1983; Bonazza et al. 2004 Bonazza et al. , 2005 ; Del Monte and Monte et al. 2001; Fassina et al. 2002; Lefèvre and Ausset 2002; Moropoulou et al. 1998; Smith et al. 1988; Trudgill et al. 2001; Viles 1994; Thornbush and Viles 2004) . The dry deposition of airborne particles also includes calcium-rich aerosols, which therefore play their part in calcium import (Charola and Ware 2002) . The total suspended particulate (TSP) matter is to be differentiated into PM10 and PM2.5 not only based on size, but also to differences in source, amount of emission, and physical and chemical behavior (Kainka et al. 1997) . The composition of PM10 is generally dominated by large soot agglomerates, particles from tire abrasion and geogenic clay minerals and silica particles. In industrial areas, it may also contain slag, xenomorphic silica, salts, and gypsum and metallic particles. The coarse PM10 fraction from clean air regions contains particles mostly of biogenic and geogenic origin, but also clay minerals and quartz. Typical components from combustion are soot conglomerates (sometimes with balllike morphology) charcoal, fly ash particles of different sizes, xenomorphic silicates, and sulfates including gypsum. The finer PM2.5 fraction contains single soot particles or small soot agglomerates and fly ash particles (small balls). The latter are amorphous silica material with a high content of heavy metals. The fine PM2.5 fraction from clean air regions contains silicates and a few soot particles. The amount of PM2.5 can be smaller than PM10 in clean air regions. Geogenic particles, e.g., silicates, derive from mechanical abrasion and are found mostly in coarse fractions (PM10). The particulate air pollution caused by traffic is highly concentrated in the fine fraction (PM2.5), which is detected in all areas, and also in clean air regions (Kainka et al. 1997) . Thus, in industrialized areas generally higher PM concentrations are measured with high contents of soot, charcoal, and particles from tire abrasion as well as slag, and salts, e.g., gypsum and metallic particles. In general, a higher ratio of particulate air pollution is found, which is caused by traffic and contains large amounts of heavy metals. In clean air regions, however, particulate matter is dominated by biogenic and geogenic components as well as clay minerals, silicates, e.g., quartz, and a few soot particles, with an overall lower ratio of particulate air pollution caused by traffic.
Calcareous and sulfur compounds are constituents of weathering crusts and they participate in their formation in different ways. Dust and soot particles-especially when containing hygroscopic salts-can serve as condensation nuclei for droplets and thus provide sufficient moisture for further reactions (Charola and Ware 2002; Moroni and Poli 2000) . Higher content of metallic compounds in the PM of industrial environments and higher concentration of carbonaceous particles enhance the SO 4 2-formation on stone surfaces (Charola and Ware 2002; Zappia et al. 1998) . Metals are mentioned to act as catalysts for the oxidation of SO 2 into SO 4 2-. Soot particles containing heavy metals and metallic components of the particulate matter, e.g., abrasion material from tires, may function as reaction catalysts for the formation of calcium sulfate dihydrate, thus contributing to gypsum crust formation and stone decay. The experimental studies by Zappia et al. (1998) indicate two different reaction mechanisms for the formation of calcium sulfate dihydrate: an intermediate state of hemihydrate calcium sulfite or a direct formation of calcium sulfate dihydrate. The latter is linked to the presence of efficient catalysts, e.g., metallic compounds and strong oxidants. Fig. 15 a In situ measurements of temperature and relative humidity (rH) at Cologne cathedral, August 2011: outside temperature (blue), outside rH (red), data logger 1 rH (purple), data logger 2 rH (green), data logger 3 rH (yellow). b Scheme of sensors: data logger 1 is placed in the Krensheimer Muschelkalk (KM), data logger 2 is placed in the Drachenfels trachyte (DT) with little distance to Krensheimer Muschelkalk (KM) and the joint, data logger 3 is placed centered in the Drachenfels trachyte (DT)
Even though SO 2 concentrations have been higher in the past and their effect on rock weathering might have been more significant than today, the SO 2 concentrations today still have an effect on the stone deterioration, especially in the context of increasing particulate matter. The NO x concentration of the air pollution plays a specific role. On the one hand, NO 2 can function as an oxidant and increase the reaction rates of the sulfation processes significantly (Johansson et al. 1988 ). On the other hand, NO x gases can be oxidized by lithotrophic bacteria to nitric acid, thus contributing to stone decay (Fuchs 2006) .
The different incorporation of particulates, e.g., fly ash particles, into the gypsum crusts on limestone or on Drachenfels trachyte clearly indicates a very different formation process of the black weathering crusts. The limestone itself delivers the calcium component for the transformation of calcite into gypsum as an intense crystal growth takes place, where extrinsic particles, e.g., fly ash particles, are firmly incorporated. On the Drachenfels trachyte, a siliceous rock, calcium components are transported from external sources, as are other particles, e.g., fly ash particles. As the crust builds, it forms as a more or less loose and porous mixture of the different particles delivered by the pollution fluxes.
Already Grün (1931) considered the mortars used as a potential source for the deterioration. Wolff (1972) addressed the formation of gypsum crusts on Obernkirchner sandstone-sandstone with very little calcium content-to leaching alkaline components of the joint mortars. Mortars with latently hydraulic binders, e.g., puzzolana and diatomaceous earth, or cement components are commonly known for their capability to release water-soluble forms of sodium, potassium, calcium, and magnesium components (Arnold 1981 (Arnold , 1992 Bläuer-Böhm 2005; Kraus 2002; Kraus and Droll 2009; Schwiete et al. 1965) . At Cologne cathedral, it can be observed that in many places the decay on the Drachenfels trachyte starts from the joints, which is indicated by gypsum crusts, flaking and scaling (Graue et al. 2011) .
Besides alkaline mortars, neighboring calcareous stones, especially limestone, are also considered as a possibly contributing calcium source. As surface roughness evaluations on several calcareous stones show a continuous increase of roughness is detectable, indicating the solution of the calcite stone (Grimm and Völkl 1983) . The surface deterioration is very much dependent on the exposition. Higher deterioration correlated roughness is detectable on the weather-exposed side within a factor of 1.5 in correlation to the protected side. Grimm and Völkl (1983) measured 0.002-0.005 mm/year material loss on the weather-exposed side for the investigated stones. On the Krensheimer Muschelkalk at Cologne cathedral, a surface roughness is observable (Fig. 13a) . The calculated rate of diluted calcium ions from one square meter of Krensheimer Muschelkalk with a matrix density of 2.72 g/cm 3 (Lukas 1990 ), a calcium concentration of 37.14 wt. % and an average thickness of material loss due to corrosion of 0.0035 mm/year is about 9.52 g/sq m year Krensheimer Muschelkalk and thus 3.54 g/sq m year Ca. This would correlate to 12 g/sq m year CaSO 4 or 15.2 g/sq m year gypsum (CaSO 4 Á2H 2 O). The possibly diluted calcium ions are probably not transferred into gypsum at a 1:1 ratio. The higher share is probably lost as dust in air turbulences.
The acid buffering capacity of eight tested natural building stones was measured by titration with hydrochloric acid and the resulting solute ions buffering the acid at pH 4 were detected. As expected, the experiments on the eight tested stones revealed similar amounts for volcanic stones and sandstones. The carbonate-rich sandstone (Schlaitdorfer sandstone) buffers a volume of HCl, which is 12 times higher. The limestone (Krensheimer Muschelkalk) shows an acid-binding capacity enlarged by factor 320 (Fig. 13b) . On the one hand, these experiments indicate a higher liability for crust formation of stone with higher acid binding capacity. On the other hand, they reflect that upon an acidic impact the limestone also readily solutes and provides calcium ions, which therefore may be transported to other stones and contribute to the formation of gypsum crusts (Fig. 14) .
In terms of a stone-immanent calcium source, it must firstly be considered that Drachenfels trachyte as host rock has a low calcium concentration, which is mainly associated with feldspars as rock-forming minerals, e.g., plagioclases. The decrease of the alkali metals within the crust (K 2 O 10-28 % and Na 2 O of 0.5-27 %) indicates certain feldspar corrosion. However, the much higher calcium concentration of the investigated crusts in respect to the host rock indicates an external source for calcium and a stone-immanent calcium source is of minor impact.
Interferences of adjacent stones
Already Kraus (1985a, b) , Mirwald et al. (1988) and von Plehwe-Leisen et al. (2007) noted that there are strong indications that the decay of the Drachenfels trachyte is especially critical when it is placed adjacent to carbonate stones. Investigations on site reveal that crust formation on Drachenfels trachyte can be enhanced by neighboring limestone, depending on the exposition of the affected section of the wall (Fig. 14) . Krensheimer Muschelkalk exposed to an acidic environment solutes into its ion compounds. Rainwater leaches the rock components of the limestone. This calcium ion loaded water runs off and is directly transported to the building stones in the flow direction. It is absorbed by the Drachenfels trachyte and accumulates in the cavities. Additionally, these cavities are a preferred location for the deposition of pollutants-on the one hand due to the rock's surface character and secondly due to the better adsorption of airborne particles onto humid surfaces (Charola and Ware 2002) . Due to the environmental impact of sulfuric pollutants, salt, e.g., gypsum, formation takes place. As illustrated in Fig. 14 , the affected wall section has to be in the relevant flow direction. Water transport and input have to be in a relation allowing enough ions to be dissolved and transported. At the same time, the appropriate amount of water has to guarantee the formation and precipitation of salts. This means that interferences are strongly dependent on the exposition of the wall section concerned and the placement of adjacent stones in relation to each other. However, neighboring calcareous stones do not play an initial role in the formation of crusts, but may contribute if extrinsic factors such as environmental impact, exposition, and localization are already present.
The Drachenfels trachyte not only shows enhanced crust formation and stronger decay in cavities, but also along joints. These deterioration features can be ascribed to the dissolution of alkaline components of the mortars as well as to a perturbation of the flow of water.
The dissolution of the carbonate rock and the impact of alkaline components increase the pH of the floating solutions. The Drachenfels trachyte with a SiO 2 -content[63 % due to the quartz concentration (13 %) and the high abundance of feldspars, can be referred to as an acid silicate rock. If the described alkaline waters come into contact with the Drachenfels trachyte, a stronger deterioration of the volcanic rock takes place, because of the increased solution of quartz and feldspars in alkaline milieu.
Furthermore, a higher pH together with the calcite particles increases the oxidation rate for SO 4 2-from SO 2 (Charola and Ware 2002; Zappia et al. 1998) . Wiese et al. (2012) ascertained that for the deposition velocity of SO 2 on silicate stone the relative humidity is not as relevant as the buffering capacity available for the dissolution reaction of SO 2 . The solubility of SO 2 strongly decreases with decreasing pH. Therefore, a rise of pH through the impact of calcite adjacent stones may enhance SO 2 deposition velocity and contribute to the sulfation process. If the aforementioned extrinsic factors are present, these aspects contribute to a stronger crust formation on the Drachenfels trachyte.
Continuous in situ measurements of temperature and humidity inside the different stone materials indicate higher water content for the Krensheimer Muschelkalk than for the Drachenfels trachyte at a depth of 32 mm (Fig. 15a) . It can be seen, that the data logger in the Drachenfels trachyte with little distance to the Krensheimer Muschelkalk shows higher values of relative humidity than the data logger in the center of the ashlar (Fig. 15b) . These observations may indicate on the one hand a higher water import through the joints, where the alkaline mortar sits. On the other hand, the Krensheimer Muschelkalk might serve as a long-term source of water for the Drachenfels trachyte. In both cases, the Drachenfels trachyte is provided with ion-loaded water over an extended period of time, where this stone would not have absorbed either as much water or as high a volume of alkaline components. Even though no direct water flow over the surface of the stone is provided, a potential import of alkaline components arises, raising the pH and delivering ions for the formation of damaging salts. 
Exposition and crust formation
Besides the question of material import as a factor for crust formation, another vital point is the surface character and exposition of the building stone. Laminar crusts are observed on vertical and smooth stone surfaces. Black framboidal crusts build in sheltered areas and show significant formation in cavities on even stone surfaces as well. In sheltered areas, the dry deposition of particulate matter is stronger than onto unprotected surfaces. A higher pollutant concentration and higher moisture are expected leading to significant acidity (Charola and Ware 2002) . Due to relevant air turbulences in sheltered areas the transport mechanisms provoke an accumulation of airborne particles. These particles are then firmly deposited and are not washed off by direct rain water. The necessary moisture for the crust formation is provided by higher relative humidity, especially in the case of fog or dew (Amoroso and Fassina 1983; Del Monte and Rossi 1997) as well as by indirect water input (Kraus 1985a, b) . Furthermore, these protected zones stay moist for longer, further contributing to adhesion conditions appropriate for the deposition of particles. The deposition of particles provides nucleation sites for the growth of gypsum crystals (Charola and Ware 2002; Sabbioni 2003) , which develop better in sheltered, protected zones, where evaporation is retarded. The morphology of these framboidal crusts provides a larger reaction surface, not only for intensive particulate deposition, but also for the condensation of fog and dew or high relative humidity in general. This clearly indicates that the growth of framboidal crusts is an exponential reaction.
Correlation of crust formation and stone decay
The investigation shows that crust formation is strongly correlated to the structural disintegration of the Drachenfels trachyte. Depth-specific samples and analyses reveal a gypsum distribution, which is coherent with the detected decay phenomena. Microscopic, SEM and EDX analyses clearly indicate that gypsum enrichment is not only found within the crust but also in deeper zones of the disintegrated stone material. In deteriorated areas, gypsum accumulates in cracks (Fig. 16a) and on the backside of the detached scales, where significant gypsum formation is observed (Fig. 16b) . The disaggregated stone material underneath the scale is the zone where salts, e.g., gypsum, mainly precipitate and the highest concentrations are found (Fig. 17a) . In deeper zones of the stone, sulfur decreases as the stone material becomes unaffected by environmental impact and salt migration as the analyses of drill cores reveal (Fig. 17a) .
Dependent on the moisture distribution in the building stone, a zone of maximum moisture defines. In this zone, salts preferably accumulate and precipitate, causing structural disintegration and leading to a zone of disruption (Snethlage and Wendler 1997) . Gypsum has a comparably low solubility and shows little migration; therefore, it tends to accumulate in the pore space (Charola et al. 2007 ). Higher moisture conditions, e.g., retarded drying due to pore clogging through gypsum or crust formation, allow for an increased solubility and migration of the less soluble gypsum (Charola et al. 2007, 346f) . A small amount of the oversaturated gypsum in the pore space is diluted again. If the diluted gypsum recrystallizes in fissures or interstitial areas at grain contacts, the stress induced by the growth Fig. 19 The very fine recrystallized grain structure of the altered volcanic glass fractions in the interstitial area of the Drachenfels trachyte show high and distinct porosity (microprobe backscattered electron image in composition mode)
Environ Earth Sci (2013 Sci ( ) 69:1095 Sci ( -1124 Sci ( 1117 of gypsum crystals may cause the disintegration of the fabric (Charola et al. 2007 ). Furthermore, calcium sulfate solutions tend to supersaturate and may provide for the generation of high crystallization pressures (Steiger 2005) . Salt analyses confirm the on-site observations and SEM analyses. Gypsum is found in the water extractions from scale samples, and the enrichment of Ca and SO 4 2-is significantly higher in the disaggregated zone and the backside of the scales (Fig. 17b) . In the samples of flaking and crumbling, high concentrations of Ca and SO 4 2-are detected as well (Fig. 17b) . This indicates that even though the gypsum content in the crusts themselves is not as high as in the crusts built on limestone, gypsum clearly contributes to the damage process of flaking, scaling, and crumbling to total fabric collapse of the Drachenfels trachyte.
Structurally disturbed zones, where no gypsum is found, are detected as well (Fig. 16c) . This suggests that preexisting fabric and especially mineral in-homogeneities are disrupted due to a chemical and mechanical deterioration impact. Microscopic analyses not only show the displacement of separate grains, but also detect the opening of cleavage surfaces in minerals and their disruption (Fig. 16d) . Leaching experiments on the Drachenfels Fig. 20 Microprobe mapping a backscattered electron image in composition mode of unweathered Drachenfels trachyte, arrows marking areas of altered volcanic glass fractions; b magnesium mapping of the same area as Fig. 20a , the yellow-orange-red areas indicate higher magnesium concentration of the altered volcanic glass fractions; c backscattered electron image in composition mode of weathered Drachenfels trachyte, arrows marking areas of pore spaces filled with gypsum. The altered glass fractions are originally located in these interstitial areas, but are now replaced through secondary gypsum formation; d sulfur mapping of the same area as Fig. 20c , the yellow-orange-red areas marking higher sulfur concentration as an indication of gypsum trachyte in different pH solutions show the dilution of alkali and alkaline earth metals (Na, K, Mg, Ca), indicating feldspar breakdown. The chemical analyses show a decrease of K 2 O (14 %) and an enrichment of H 2 O (22 %) in the depth-specific samples, indicating clay mineral, e.g., kaolinite, formation from the alteration of feldspars and volcanic glass fractions (Fig. 18) .
Scanning electron microscopy analyses detect high porosity of the aforementioned altered volcanic glass fractions of the mesostasis (Fig. 19) . Due to the high capillarity of the altered glass fractions caused by the distinct porosity of their very fine recrystallized grain structure, these interstitial fillings are very sensitive to penetrating pore water. Vieten (1961) and Koch (2006) attribute a certain content of montmorillonite to these recrystallized glass fractions. Microprobe analyses identify the areas of altered glass fractions through higher magnesium concentrations (Fig. 20a, b) . If sections of unweathered stone material (Fig. 20a, b ) are compared to altered material (Fig. 20c, d ), the interstitial area of the fabric, where the glass fraction is originally located, seems to be replaced by secondary gypsum formation (Fig. 20c, d ).
These observations lead us to a model for the deterioration of the Drachenfels trachyte. Primarily through a certain water uptake of the Drachenfels trachyte ion-loaded water reaches the pore space. Mechanical and chemical deterioration processes of the rock-forming minerals take place: moisture dilatation provokes a grain displacement. Snethlage et al. (1996) ascertained a three-to fourfold higher hydric expansion induced by a saturated gypsum solution compared to dilatation with pure water. Mineral grains corrode and decompose along inherent weak points, e.g., cleavage planes as predetermined breaking points. These processes enlarge the pore space, giving rise to water impact and import of pollutants. Due to the higher concentration of pollutants in the pore water and a decrease of pH, the chemical corrosion of the rock-forming minerals increases, resulting in the further comminution of the mineral grains and the disintegration of the fabric (Fig. 16c) . With increasing moisture supply, the fractions of altered volcanic glass in the aforementioned mesostasis become more affected. Due to the changes of pore space forming new pathways and the high capillarity of the interstitial areas of recrystallized volcanic glass, the ionloaded water penetrates into the interstitial areas and gypsum accumulates. Due to the confinement of the gypsum in these delimited areas and the continuous crystal growth provided by the transport from the supersaturated gypsum solution high crystallization pressures are generated (Steiger 2003) . The swelling and shrinking behavior of the montmorillonite may further contribute to degradation and mechanical deterioration processes.
Through the corrosion of the rock-forming minerals and the degradation of the altered volcanic glass fractions, porosity changes, and salt solutions are given new pathways. With repetitive wetting and drying cycles, different zones of moisture and evaporation form, and the ion content of the pore water increases. Salts precipitate, produce and manifest the displacement of the grains; hence the structural disintegration. The interaction of these decay mechanisms is characterized by their coupled feedback mechanism, e.g., moisture dilatation is much more significant in the presence of salts, leading to structural degradation (Snethlage et al. 1996; Snethlage and Wendler 1997) . Where dilatation processes have been reversible in salt-free systems, they become intensified and irreversible in salt-containing systems. Due to constantly repeating dilatation and contraction processes caused by moisture, temperature, and ionic species (salts), grains are permanently displaced relative to each other. The deterioration processes are interactive leading to proceeding decay phenomena from surface parallel formation, e.g., scaling and flaking, to non-directional manifestations such as crumbling. Surface deterioration may start with crust formation as well as contour scaling and the detachment of these scales. The weathered surface may then progress into flaking and crumbling, resulting in total fabric collapse.
Conclusions
Investigations on the crust formation on Drachenfels trachyte clearly identify the impact of pollution. The elevated contents of S, Ca, As, Pb, Sb, Bi, and As in the crusts result from the impact of anthropogenic pollution mainly deriving from combustion. The analyses show an enrichment of sulfur associated with the higher abundance of gypsum. The lack of an important intrinsic source for calcium and sulfur in the Drachenfels trachyte for the formation of gypsum crusts demonstrates the major environmental impact of pollution as a source. Although SO 2 in air has shown a strong decrease in concentration over the past 30 years, the pollutants are still present in the building stones and degradation in context with weathering crusts is still observed. This indicates that not only recent emission but also the pollutant concentrations of the past have to be considered and that the impact of particulate matter in the form of settling dust plays an important role today. In addition, the formation of gypsum crusts can be enhanced by interferences between different building materials, e.g., mortars and adjacent stones (e.g., limestone). Furthermore, the surface character and exposition of the relevant building stones pose a crucial question for the formation of the weathering crusts, promoting or hindering the deposition of settling dust, as well as the formation processes coupled to corresponding moisture supply.
If gypsum formation is compared using the data obtained from the three between the three different cathedrals, the data from XRF analyses are consistent with the observations under the SEM. Gypsum formation on samples from Cologne shows a high accumulation of large, occasionally rosette-like, gypsum crystals. In comparison, gypsum crystals in Xanten are smaller and less abundant. In the samples from Altenberg, the gypsum crystals are even finer grained and normally only present in the form of a salt efflorescence (Fig. 21) . These observations correlate well to the environmental SO 2 concentrations and the intensity of the decay at the different locations. The trace element distribution in the crusts from industrial areas shows increasing values for lead and other heavy metals, which generally can be linked as typical pollutants to traffic and industry.
Although crust formation on the Drachenfels trachyte is not as significant as on limestone, black crust formation on the silicate stone more strongly correlates with structural degradation. The formation of gypsum crusts and salt deterioration play an essential part in the structural disintegration of the Drachenfels trachyte. The chemical corrosion of the rockforming minerals and the further alteration of volcanic glass fractions also contribute to the disintegration, besides mechanical decay processes. Mechanical deterioration processes (e.g., frost weathering, moisture dilatation) in a feedback mechanism with chemical corrosion of rock-forming minerals, degradation due to salt deterioration and swell-able clay minerals lead to an exponential disintegration of the rock fabric to total material collapse. The environmental impact in terms of pollutant import as well as climatic factors plays a key role.
A model for the deterioration of the Drachenfels trachyte is therefore concluded: gypsum crusts enhance moisturerelated deteriorationprocesses by hindering drying. Moisture and temperature cycles as well as varying moisture distribution promote the enrichment of gypsum in characteristic zones. Moisture dilatation is enhanced by the presence of gypsum salts. The acidic impact of anthropogenic pollution, e.g., the SO 2 and NO x concentrations in the atmosphere and the import of pollutants, leads to chemical weathering in the form of the alteration of feldspars and volcanic glass fractions. This is shown by the structural degradation and corrosion of the minerals and the increase of H 2 O concentration. These chemical and physico-mechanical decay processes open the pore space through mineral comminution and grain displacement. The fabric becomes structurally impaired and the pore space is altered, thus water and pollutant import increases. Through these newly opened pathways gypsum, which usually scarcely migrates, reaches the interstitial areas of high capillarity. In these confined areas, the crystallization of gypsum possibly generates high crystallization pressures. The sum of these factors leads to stress and fabric decomposition as well as the degradation of the rock-forming minerals; hence the deterioration of the stone in the form of scaling, flaking, and crumbling.
Regarding these deterioration mechanisms as solitary processes, not a single one is distinctively significant or could be addressed as the key mechanism for the deterioration of the Drachenfels trachyte. However, their feedback interaction and their permanent repetition in continuous cycles lead to a material fatigue, which finally results in the collapse of the material. 
